In this paper, work was conducted to reveal electrical tree behaviors (initiation and propagation) of silicone rubber (SIR) under an impulse voltage with high temperature. Impulse frequencies ranging from 10 Hz to 1 kHz were applied and the temperature was controlled between 30°C and 90°C. Experimental results show that tree initiation voltage decreases with increasing pulse frequency, and the descending amplitude is different in different frequency bands. As the pulse frequency increases, more frequent partial discharges occur in the channel, increasing the tree growth rate and the final shape intensity. As for temperature, the initiation voltage decreases and the tree shape becomes denser as the temperature gets higher. Based on differential scanning calorimetry results, we believe that partial segment relaxation of SIR at high temperature leads to a decrease in the initiation voltage. However, the tree growth rate decreases with increasing temperature. Carbonization deposition in the channel under high temperature was observed under microscope and proven by Raman analysis. Different tree growth models considering tree channel characteristics are proposed. It is believed that increasing the conductivity in the tree channel restrains the partial discharge, holding back the tree growth at high temperature.
Introduction
An electrical tree is an important cause for insulation failure in polymeric dielectrics [1] [2] [3] [4] [5] [6] [7] . In fact, an electrical tree is a kind of insulation defect that looks like a tree. There has been some research aimed at electrical tree characteristics considering temperature, voltage type, frequency, thermal aging, and moisture [8] [9] [10] [11] [12] [13] [14] [15] [16] . Partial discharge characteristics, tree imaging technology and channel characteristics have also been taken into account to determine the tree formation and growing mechanisms [4, 6, [17] [18] [19] .
With widespread use of high-voltage and high-frequency power electronic equipment in power systems, the electrical properties of insulation materials under high voltage have attracted much attention. As a result of lightning intrusion, switching surge or commutation failure of the high-voltage direct current transmission system, a repetitive impulse voltage can be generated, which may have a serious impact on the insulation system. Silicone rubber (SIR) is an advanced internal insulating material widely used in high-voltage electrical equipment insulation due to its excellent insulating, thermal, and mechanical performance [8, 20, 21] . As mentioned above, electrical trees are one of the main causes of insulation failure. Trees will start and grow from dielectric defects. Once formed, they will develop in a short time and eventually lead to breakdown in dielectric materials, especially under high-frequency voltage. There have been a few studies aimed at tree characteristics under the excitation of a repeated impulse voltage. Du et al focused on the effects of magnitude and frequency of impulse voltage on tree growth characteristics in room temperature vulcanized SIR and epoxy resin [22, 23] . There have also been some studies focused on the temperature dependence of tree behavior under AC or DC voltage in polymers [9, 12, 24, 25] . However, little research on electrical trees in SIR has been conducted [9, [26] [27] [28] , especially on the temperature dependence on high-temperature vulcanized (HTV) SIR under impulse voltage.
In this article, defect simulation was carried out to study the tree behaviors in SIR materials. The initiation and development of trees were recorded using a digital microscopic imaging system. Frequencies ranging from 10 Hz to 1 kHz of impulse voltage were chosen, and the applied temperature was controlled between 30°C and 90°C. The electrical tree initiation and growth characteristics of SIR were analyzed. The initiation voltage, growth rate, and the shape of tree were picked up to describe the tree behaviors under different conditions. Moreover, the tree channel characteristics were discussed to reveal the tree growth patterns at various temperatures.
Experimental details

Test samples
In this paper, two-component liquid SIR served as the raw material, and the classical needle-plane electrode test system was chosen to study the electrical tree behaviors. The SIR used in samples was two-component HTV liquid SIR (produced by Chinese Blue-star Chemical Company, containing 35% nano-SiO 2 ). Figure 1 shows the sample's configuration in a needle-plate electrode system simulating electric field distortions caused by defects and protrusions in cables, where the cone angle of the needle tip was 30°and the electrode curvature radius was 3 μm. The diameter of the needle electrode was around 250 μm and the vertical distance between the tip and the plate was 3±0.1 mm. The needle electrode was well pre-embedded and fixed in SIR before vulcanization during the preparation process, thus the sample was free from mechanical destruction, in particular near the needle tip. Finally, the samples were vulcanized under 165°C and 6 MPa for 10 min.
Electrical tree tests
In order to measure the tree initiation voltage, we referred to mature methods used to test the breakdown characteristics for solid materials. A method in which the voltage continuously increased was developed to rapidly initiate trees in SIR. A positive impulse voltage with frequencies ranging from 10 Hz to 1 kHz was established to meet our needs. The pulse width was controlled in 20-25 μs and the rising edge was 6-8 μs.
The voltage was gradually raised at a constant rate of 500 V s −1 . When a tree channel was generated more than 10 μm long at the tip of the needle, the tree initiation voltage was recorded. Then the voltage amplitude was fixed and applied for a further 1 min at that value. Each test was repeated 10-15 times under identical conditions to rule out the influence of impurities that may have been introduced into the samples during fabrication.
For analyzing the electrical tree development, the SIR samples were applied with a constant voltage for 30 min. We recorded videos of electrical tree development and measured the maximum tree length simultaneously. All these phenomena were observed using a digital image-processing system consisting of a microscope, a digital camera, and a computer with image-processing software. The experimental system is shown in figure 2 , where R z was a protection resistance of 20 MΩ, R d was a resistance divider measuring the voltage exerted on the samples.
Results and discussion
Effect of frequency on the tree initiation voltage
The breakdown strength of insulating materials is described using a two-parameter Weibull distribution, which reflects the material's breakdown probability at a given field intensity. Electrical tree initiation is the result of local breakdown failure at the needle tip. The two-parameter Weibull distribution function is defined as follows:
where U is the electrical tree initiation voltage, F(U) is the cumulative probability, α is the scale parameter that represents the electrical tree initiation voltage at the cumulative breakdown probability of 63.2%, and β is the shape parameter that represents the inverse of data scatter. Figure 3 shows the electrical tree initiation voltages under different frequencies at 30°C. It can be seen that they meet the Weibull's distributions well. With the frequency increasing from 10 Hz to 1 kHz, α decreases by 22.2% from 25.93 kV to 20.22 kV. β has an increasing trend as the frequency gets higher. Moreover, the electrical tree voltage shows three decreasing stages: in the first stage, when the frequency increases from 10 Hz to 50 Hz, α decreases by 11.3% from 25.93 kV to 22.99 kV; then the tree initiation voltage becomes stable between the frequencies of 50 Hz to 500 Hz; when the frequency is beyond 500 Hz, it decreases from 22.68 kV (500 Hz) to 20.22 kV (1 kHz). The electrical tree initiation process can be explained by considering the charge carriers injected into the needle electrode [1, 8] . When excited by large impulse voltages, the maximum electric field E max can be calculated approximately according to the Mason equation [29] :
where U is the applied voltage, r is the radius of curvature of the tip (r is 3 μm), d is the distance between needle electrode and plate electrode (d is 3 mm). When the electric field strength is greater than a certain threshold, charges will be injected from the electrode into the SIR material, leading to the breakdown of molecular chains. The impulse voltage has a steep rising edge, which exacerbates the charge movement. With increasing applied frequency, charge injection becomes more frequent, which makes tree initiation easier. However, the unipolar pulse was used in our study, thus the charge injection is unidirectional. With increasing frequency, more injected homo charge accumulates in the SIR material, which forms a shield to weaken the electric field near the tip and make tree initiation difficult. This may be the reason why the tree initiation voltage becomes stable between the frequencies of 50 and 500 Hz. Figure 4 presents the typical electrical tree shape at 30°C when applied with a 20 kV impulse voltage with different frequencies for 30 min. With increasing impulse frequency, the electrical tree shape tends to be denser and larger. When applied with a 50 Hz impulse voltage, trees are shown as bush-like trees, and the tree length is shorter. At 200 Hz, the tree shape changes to a pine-bush-mixed tree, a few major pine branches are clearly visible, and they extend far. When the frequency reaches 1 kHz, the main branch is longer, and the whole electrical tree branch is denser. The development of tree lengths is shown in figure 5 . Each curve shows the most representative tree growth process at different frequencies. It was found that the growth rate increases with increasing frequency. The average growth rates are 0.23 μm s −1 (50 Hz), 0.31 μm s −1 (200 Hz) and 0.43 μm s −1 (1 kHz). It is noted that the growth process of the electrical tree can be divided into three stages: initiation stage, stagnation stage, and re-growth stage. In the initiation stage, the growth rate is pretty high. With time passing, the tree growth rates gradually slow down until they come to the stagnation stage. In this stage, the tree branches grow slowly or even stagnate with an average growth rate of less than 0.05 μm s −1 . However, the trees get thicker, and the color deepens. After a prolonged period of stagnation, the growth rate begins to increase again, but less than the growth rate at the initiation stage. Since a shield of homo charge near the needle tip is formed in the stagnation stage, the electric field inside the channel descends causing a decrease in the growth rate in the re-growth stage. This stage is called the re-growth stage, and the average growth rate increases with increasing frequency. The growth rates at 50 Hz, 200 Hz, and 1 kHz are about 0.15 μm s −1 , 0.24 μm s −1 and 0.42 μm s −1 , respectively. Under our experimental conditions, the electrical tree branches with three different frequencies are in the stagnation stage again after 1000 s and the tree lengths become stable.
Effect of frequency on tree growth behaviors
Hollow tree channels are formed after tree initiation in SIR materials [6] . Under a continuous external electric field, partial discharge will occur inside the channel, causing channels to decompose to produce small molecular gaseous substances. With the continuous partial discharge, the discharge energy leads to gas expansion inside the channel, in which role tree branches develop further [6, 10] . The increase of impulse voltage frequency causes more partial discharge with unit time, thus the growth rate of tree branches increases.
In the tree initiation stage, the development of tree branch is mainly along the axial direction, the field strength of tree channel tip is larger, and the partial discharge is stronger. Trees grow rapidly in this stage. After the channel tip leaves the needle area, the field strength decreases, the partial discharge decreases, and the growth rate of the tree branches gradually slows down to the stagnation stage. In the stagnation stage, a channel mainly develops along the radial direction, and the morphology of the tree becomes intensive. At this time, although the tree lengths do not change significantly, the dense channel leads to deterioration in the SIR material. When the deterioration comes to a certain limit, local discharge may enlarge in the branch channel to break through a weak point. The trees continue growing along the axial direction and the tree length will increase again, that is, they will come into the re-growth stage. Figure 6 shows the average tree initiation voltage at different temperatures under 50 Hz and 1 kHz. The initiation voltage of samples decreases along with increasing temperature. When the applied frequency is 50 Hz, the initiation voltages decrease by 15% and 21% at 60°C and 90°C, respectively, compared with that at 30°C. When the frequency reaches 1 kHz, it decreases by 9% and 13% at 60°C and 90°C, respectively.
Temperature dependence on tree behaviors
Temperature affects the tree initiation behavior mainly by affecting the SIR material properties. Based on the differential scanning calorimetry (DSC) results of SIR, the glass transition temperature of SIR (t G ) is −44.1°C [30] . Between 20°C and 120°C, SIR is in an elastic state, and no phase transitions occur. The material is thus thermally stable. Although it is impossible to move a complete SIR polymer chain in this temperature range, the thermal energy is sufficient to generate enough motion of individual molecules to overcome the internal rotation barrier; single bonds of main chains can thus be rotated and the movement of chains is excited. With increasing temperature, the thermal motion of molecules in SIR gradually increases, resulting in partial relaxation of polymer segments. Partial relaxation of polymer segments weakens the area around the needle tip. Therefore, the tree initiation voltage decreases with increasing temperature. Figure 7 shows the tree shape under different temperatures after 30 min application. Electrical tree tends to be dense with increasing temperature. However, the electrical tree length becomes smaller at higher temperature, that is, the growth rate decreases with increasing temperature. The tree length curves are presented in figure 8 . As mentioned in section 3.1, the tree growth process can be divided into three stages: initiation stage, stagnation stage and re-growth stage.
With increasing temperature, the duration of the initiation stage becomes shorter, and the growth rates become smaller as well.
Tree channel characteristics considering temperature effects
In order to reveal the tree growth mechanisms in SIR, tree channel characteristics were observed and analyzed. Figures 9(a) and (b) were taken under reflection light with a high resolution, high magnification observing microscope. Figure 9 (a) shows that electrical tree channels are present as white trees at 30°C, while parts of the branch channels appear black at 90°C (shown in figure 9(b) ). In the meantime, black channels also occur at 60°C. It is proposed that under the action of high electric field, carbonation would be generated within the tree channels of SIR materials at higher temperature.
In order to obtain the chemical characteristics of tree channels under different conditions, the tree channels were tested by Raman analysis. We sliced the black tree channels, white tree channels, breakdown channels, and the raw SIR samples, and then scanned these four groups using a Raman spectrometer (shown in figure 10 ). Compared with Raman spectra of raw samples, the characteristic peak of white trees does not disappear and stays the same, which indicates that the basic chemical characteristics of the electrical tree do not change, while a fluorescence background exists, which means there is some aging process during electrical tree growth [4] . This phenomenon indicates that the partial discharge in the white electrical tree channel causes chemical degradation of the SIR material, but its energy is not sufficient to break the Si-C bond.
The spectra of breakdown channels change basically where the peak of the Si-C bond (500-900 cm −1 ) disappears while the D (1310 cm −1 ) and G (1580 cm −1 ) of the carbon peak emerge (shown in figure 10) , which means the main chains break and elemental carbon is deposited by strong electrical breakdown. The Raman spectra of the black channel basically retains the characteristic peaks of the raw samples and has a large fluorescence background, indicating that the material has deteriorated chemically as well. At the meantime, significant characteristic peaks (D and G) appear, indicating that the Si-C bond breaks down under high temperature and high electric field, resulting in a certain amount of carbon deposition [4, 17] .
Discussion of tree growing behaviors considering channel conductive characteristics
Partial discharge is a major factor that causes electrical tree growth after initiation. A single channel starts under high electrical field. Partial discharge occurs in a confined atmosphere with high temperature [30] and the absence of oxygen.
If tree channels are non-conductive, a three-capacitance model of partial discharge in dielectrics (as shown in figure 11 (a)) could be used to discuss the partial discharge characteristics in SIR. When the size and the whole defect of insulation are not comparable, the voltage of defects u g Figure 11 . Simplified model of the electrical tree channel and the three-capacitance model of partial discharge in SIR: (a) non-conductive tree channel; (b) conductive tree channel.
follows equation (3):
where C g is the capacitance of defects, C b is the capacitance of the structure in series with the defects, C m is the capacitance of the structure paralleled with C g and C b . u is the applied impulse voltage.
As the electrical tree channels of SIR have good insulating characteristics, the plate capacitor model could be used to estimate the channel capacitance. The average electric field inside the gas channel e g could be obtained using equation ( where the d g is the length of channels and d b is the insulation distance in series with the channels. ε r1 is the relative permittivity of channels, which is close to 1, ε r2 is the relative permittivity, which is close to 3. Similarly, the average electric field of the solid part e b could be calculated using equation (5):
As ε r1 <ε r2 , the electric field inside the channels is larger than that of SIR, but the breakdown strength needed is far less than the latter. Thus partial discharge comes from the tree channels in the process of tree growth and leads to gas expansion and electromagnetic force, which cause further treeing damage in SIR. There is a close relationship between the partial discharge and the tree growth length [6, 17, 31] . Equation (6) gives the relationship between the partial discharge magnitude Q and the air gap channel length in the three-capacitance model:
where L is the distance between the needle and the plate, S is the equivalent cross-sectional area for tree channels, E g is the breakdown field strength for gas.
When carbon deposition appears in the electrical tree channel, these carbons will adhere to the inner surface of the channel forming the conductive channel, thus the tree channel could be seen as series of conductive and nonconductive channels, and the equivalent circuit is shown in figure 11(b) , where R is the equivalent resistance of the conductive channel. As mentioned in equation (6) , as carbonization of the tree channel gradually increases, the air gap insulation length in the channel becomes shorter, therefore, the partial discharge in the tree channel decreases correspondingly. It is proposed that when applied with the same voltage frequency, due to the phenomenon of carbonization in the tree channel, which occurred in the higher temperature test group, the air gap channel reduces or disappears, thus Q decreases, and finally the electrical tree growth rate becomes relatively lower.
Conclusions
In conclusion, this paper studied the electrical tree initiation and growth characteristics in SIR under impulse voltage of different frequencies at various temperatures. The electrical tree initiation voltage of SIR descended along with increasing frequency. α decreased to 20.22 kV at 1 kHz, 22.2% lower than that under 50 Hz (25.93 kV). With increasing applied frequency, charge injection becomes more frequent, which makes tree initiation easier. The descending amplitude is different in different frequency bands. The fact that more homo charges inject in SIR at higher frequency gives a reasonable explanation for it. With increasing impulse frequency, the electrical tree shape tends to be denser and larger, and the tree growth rate increases as well.
As for temperature, the initiation voltage decreases and the initial shape becomes denser as the temperature gets higher. Based on DSC results, we believe that partial segment relaxation of SIR at high temperature leads to the initiation voltage decreasing. However, the tree growth rate decreases with increasing temperature. The carbonization deposition in the channel at high temperature was observed under microscope and proven by Raman analysis. The tree growth model based on partial discharge characteristics was analyzed considering tree channel characteristics. The increasing conductivity in the tree channel restrains the partial discharge, holding back the tree growth at high temperature.
